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ABSTRACT
The layer-by-layer (LbL) electrostatic assembly technique is utilized to incorporate
positively- and negatively-charged electroactive species in self-assembled electrodes that
are binder- and additive- free. This work first studies electrochemical performance of LbL-
assembled functionalized multiwall carbon nanotube (MWNT) electrodes as positive
electrodes in asymmetric cells with a lithium metal or LTO negative electrode. In these
cells, lithium ions undergo reversible Faradaic reactions with oxygen-containing functional
groups on MWNTs, leading to high electrode energy of 450 Wh/kg (lithium) and 140
Wh/kg (LTO) at 5 kW/kg. In symmetric cells, charge storage occurs predominantly through
double layer charging owing to electrolyte charge neutrality requirements, yielding lower
electrode energy and power of 30 Wh/kg at 5 kW/kg. LbL-MWNT electrodes exhibit
comparable energy and power performance in LiPF 6, LiBF 4, and LiClO 4 electrolyte, and also
in non-lithium containing TEABF 4 electrolyte, indicating that surface redox is independent
of electrolyte solvent or anion, and suggesting that functional groups can be a versatile
charge storage mechanism for redox of cationic species. Self-discharge studies reveal that
voltage decay is governed by several mechanisms at characteristic timescales, whereas the
phenomenon of voltage recovery from potentials below open circuit potential can be
explained in terms of competition between thermodynamically allowed oxygen redox and
kinetically favorable double layer charging. Finally, a temperature study at 50*C reveals
that LbL-MWNT electrodes can be used with comparable performance at high temperature,
with some loss of energy density at high powers.
In order to demonstrate the versatility of the LbL process, we next prepare titanium oxide
(TiO2)-MWNT thin films using electrostatic interactions between positively charged
anatase TiO2 nanoparticles and negatively charged functionalized MWNTs. MWNT-TiO 2
film growth and quality are investigated in terms of film thickness and roughness as a
function of bilayer pairs. Cyclic voltammetry and galvanostatic testing data in lithium cells
show that MWNT-TiO 2 electrodes can utilize several charge storage mechanisms: 1)
intercalation in TiO2 in the voltage range 1.5 - 3.0 V vs. Li; 2) intercalation in MWNTs at
voltages < 1 V vs. Li; and 3) double-layer charging of MWNT and TiC 2 nanoparticles at all
potentials. The effect of electrode thickness and microstructure on lithium reaction kinetics
is discussed.
Thesis Supervisor: Yang Shao-Horn
Title: Associate Professor of Mechanical Engineering
4
Acknowledgments
I am deeply thankful for the support and guidance of my advisor, Prof. Yang Shao-
Horn, who has taught me to approach science with the proper mix of rigor, curiosity, and
creativity.
To my fellow researchers in the Electrochemical Energy Lab, thank you for your
intellectual motivation and friendship over the past several years. I feel honored to work
among such brilliant and accomplished scientists and engineers. In particular, I would like
to acknowledge Dr. Seung Woo Lee for his mentorship and excellent research, without
which my work would not be possible. Thank you to Tadashi Kawaguchi and Dr. Naoaki
Yabuuchi for their help with electrochemical testing and data analysis, and for their
incredible insights and patience. I would also like to acknowledge Dr. Jung Ah Lee who
helped with MWNT-TiO2 electrode synthesis and process modification.
To my mother, Marilyn Gallant, thank you for your unwavering support and for
walking this MIT path with me (often quite literally!). You and Dad taught me to love
learning from my earliest days, and enabled all that I have accomplished.
Finally, to Jacob Katz: your love of learning has helped me see the world, and my
work, in new ways. Thanks for the long discussions about science, for being my sounding
board, and for being my sidekick through it all.
This work was supported by an MIT Energy Initiative Fellowship, a National Science
Foundation Graduate Fellowship, and in part by the MRSEC Program of the National
Science Foundation under award number DMR - 0819762.
6
Table of Contents
1 . In tro d u ctio n ................................................................................................................................................ 1 5
1.1. Fundamental Challenges for Energy Storage Devices........................................................ 15
1.2. Nanomaterials: Opportunities and Challenges ................................................................ 22
1.3. Layer-by-Layer Electrostatic Assembly Technique ........................................................ 23
1.4. LbL-Assembled All-MWNT Electrodes................................................................................. 24
1.5. LbL-Assembled MWNT-TiO 2 Electrodes .............................................................................. 26
2 . E xp erim en tal.............................................................................................................................................. 3 1
3 . R e su lts........................................................................................................................................................... 3 7
3.1. Electrochemical Testing of LbL-MWNT electrodes......................................................... 37
3.1.1. Rate capability and cyclic voltammetry in lithium cells ................ 37
3.1.2. Contribution of functional groups to gravimetric capacity and energy ......... 42
3.1.3. Rate capability, cyclic voltammetry and cycling in LTO cells ............................. 45
3.1.4. Symmetric LbL-LbL cells................................................................................................. 51
3.1.5. Energy and power densities of LbL-MWNT systems............................................. 53
3.1.6. Electrolyte Studies................................................................................................................... 54
3.1.7. Self-discharge and voltage recovery phenomena in lithium cells ......... 59
3.1.8. Temperature Studies......................................................................................................... 66
3.2. MWNT-TiO2 Films as Lithium Battery Electrodes............................................................... 71
3.2.1. Film Growth and Characterization.................................................................................... 71
3.2.2. Electrochemical Performance in Lithium Cells............................................................ 75
4. Conclusions and Future Work......................................................................................................... 81
8
List of Figures
Figure 1. Ragone Plot comparing gravimetric and volumetric energy of different battery
chem istries. Figure adapted from (3) ..................................................................................... 16
Figure 2. Ragone plot comparing gravimetric energy and power densities of electrical
energy storage devices. Figure adapted from (8) ............................................................... 18
Figure 3. Potential range of thermodynamic stability of organic electrolytes compared to
electrode potentials of common positive and negative battery electrode materials.19
Figure 4. Schematic of the Layer-by-Layer process involving electrostatic assembly of
oppositely-charged materials on a substrate through an automated dipping process.
Positively and negatively charged materials in water are pH-adjusted to create
stable dispersions. Steps 1-4 yield one bilayer pair, and the process can be repeated
to create any number of bilayer pairs or film thickness................................................... 24
Figure 5. Functionalization of MWNTs with carboxylic acid and amine functional groups
enables utilization of electrostatic interaction to create self-assembled, thin-film
electrodes on a conductive substrate. Figure adapted from (43)................................ 25
Figure 6. Layer-by-Layer process adapted to incorporate TiO2 nanoparticles with MWNTs.
Intrinsically-charged TiO2 (+) and acid-functionalized MWNT (-) interact
electrostatically to develop binder- and additive- free thin-film electrodes on a
con du ctive sub strate.......................................................................................................................... 29
Figure 7. Schematic of two-electrode electrochemical cell configuration with LbL thin film
positive electrode, lithium metal or LTO negative electrode, and 1M LiPF6 EC:DMC
ele ctro ly te............................................................................................................................................... 3 3
Figure 8. Schematic of cell assembly for two-electrode electrochemical testing................. 34
Figure 9. Galvanostatic rate capability in lithium cells over the voltage range 1.5 - 4.5 V vs.
Li for LbL-MWNT electrodes of (a) 30 bilayers (0.31 ± 0.01 [im), (b) 100 bilayers
(1.48 ± 0.14 im), and (c) 200 bilayers (2.98 ± 0.17 jim). Voltage was held for 30
minutes at 1.5 or 4.5 V prior to charge or discharge, respectively. (d) Ragone plot of
discharge capacity vs. specific current for 30, 100 and 200 bilayers.......................... 38
Figure 10. Ragone plot showing gravimetric power performance and energy storage
capability of LbL-MWNT electrodes with thicknesses of 0.31 - 2.98 Im (30 - 200
bilayers). Energy and power were calculated from galvanostatic rate capability data
in F ig u re 9 ............................................................................................................................................... 4 0
Figure 11. Cyclic voltammetry and differential capacitance in the voltage window 1.5 - 4.5
V vs. Li for LbL-MWNT electrodes of 40 bilayers (0.45 ± 0.02 im) (a) and (b) and
100 bilayers (1.48 ± 0.14 jim) (c) and (d). Results are normalized by the weight of
LbL-MWNT electrodes. Differential capacitance was obtained by dividing the
specific current obtained from cyclic voltammetry by the scan rate which ranged
between 1 mV/s and 100 mV/s. The current corresponding to redox behavior at
-3.2 V vs. Li was found to increase linearly with the scan rate for both thicknesses
((a) and (c) insets) indicating a surface redox-limited process....................................41
Figure 12. Schematic of charge storage mechanisms available in LbL-MWNT cells and
comparison with electrochemical devices. (a) Upon charge, LbL-MWNT asymmetric
cells with a lithium storage negative electrode can utilize Faradaic reactions
involving surface functional groups and also double layer charging with electrolyte
ions, combining the charge storage mechanisms available in conventional lithium-
ion batteries (c) and electrochemical capacitors (d). In symmetric LbL-MWNT cells
(b), charge neutrality requirements require that electrolyte ions remain in the
electrolyte, and therefore there is no net Faradaic reaction. ......................................... 44
Figure 13. XPS Cis spectrum for 40 bilayers (a) without and (b) with an additional heat
treatment at 500 'C for 10 hours in 4% H2 - 96% Ar mixture. (c) Comparison of
cyclic voltammetry at 1 mV/s for a 40 bilayer electrode that received the additional
heat treatment with one of similar thickness that did not receive the additional
processing. (d) Galvanostatic charge and discharge comparison of 40 bilayer LbL-
MWNT electrodes with and without the additional heat treatment step................. 46
Figure 14. Galvanostatic rate capability with a Li4TisO12 (LTO) negative electrode for LbL-
MWNT thicknesses of (a) 30 bilayers (0.31 ± 0.01 jim) and (b) 100 bilayers (1.48
0.14 jim). The voltage range 0.0 - 3.0 V vs. LTO corresponds to 1.5 - 4.5 V vs. Li.
Voltage was held for 30 minutes at 0.0 or 3.0 V prior to charge or discharge,
respectively. (c, d) Ragone plots of discharge capacity as a function of current
density for 30 and 100 bilayers in LTO cells compared with performance in lithium
cells of 40 and 100 bilayers, respectively.............................................................................. 48
Figure 15. (a) Cyclic voltammetry in the voltage window 0.0 - 3.0 V vs. LTO for LbL-MWNT
electrodes of 30 bilayers (0.31 ± 0.01 jim) and (c) 100 bilayers (1.48 ± 0.14 jim). The
current is normalized by weight of LbL-MWNT electrodes. Scan rates ranged
between 1 mV/s and 100 mV/s. The current corresponding to redox behavior at
-1.7 V vs. LTO was found to increase linearly with the scan rate for both thicknesses
(figure insets). (b) Differential capacitance in the voltage window 0.0 - 3.0 V vs. LTO
for LbL-MWNT electrodes of 30 bilayers (0.31 ± 0.01 jim) and (d) 100 bilayers (1.48
± 0 .1 4 m )...............................................................................................................................................5 0
Figure 16. Galvanostatic cycling performance of LbL-MWNT electrodes in LTO cells
measured at a rate of 10 pA (0.36 A/g). Measurements were taken every 100 cycles,
between which cells were cycled at an accelerated rate of 70 pA (2.5 A/g). The
Faradaic efficiency, defined as Qdischarge/Qcharge, is plotted as a function of cycle
num b er (blue triangles)....................................................................................................................51
Figure 17. Cyclic voltammetry (a) and differential capacitance (b) over a range of scan rates
in a symmetric LbL-MWNT / LbL-MWNT cell with 1 M LiPF6 EC:DMC 3:7 v%
electrolyte normalized by the weight of one electrode. (c) Galvanostatic charge and
discharge for several gravim etric currents .......................................................................... 53
Figure 18. Ragone plot comparing gravimetric power and energy densities of Li/LbL-
MWNT, LTO/LbL-MWNT and symmetric LbL-MWNT/LbL-MWNT cells in the
positive electrode potential range corresponding to 1.5 - 4.5 V vs. Li. Results were
obtained from galvanostatic measurements (Figure 9, Figure 14, and Figure 17,
resp ectiv ely ).......................................................................................................................................... 5 5
Figure 19. Cyclic voltammetery comparison of 40 bilayer LbL-MWNT electrodes in lithium
cells with different electrolytes at scan rates of (a) 1 mV/s, (b) 25 mV/s, and (c) 100
m V / s ......................................................................................................................................................... 5 6
Figure 20. Galvanostatic rate capability comparison of 40 bilayer LbL-MWNT electrodes
over a range of currents in (a) LiBF 4 in EC:DMC, (b) LiClO 4 in PC and (c) TEABF 4 in
PC:DMC electrolytes. (d) Ragone plot of gravimetric charge as a function of
gravimetric current density as obtained from (a)-(c)..................................................... 57
Figure 21. Ragone plot of gravimetric energy and power density of 40 bilayer LbL-MWNT
electrodes in LiPF6, LiBF 4, LiClO 4 and TEABF 4 electrolytes............................................ 59
Figure 22. (a) Self-discharge of a 40 bilayer (0.45 ± 0.02 prm) LbL-MWNT electrode at 30*C.
Prior to starting the test, the cell was charged or discharged at low rate (10 pA) to
the desired starting potential followed by a constant voltage hold for 30 minutes. (b)
Self-discharge at select initial voltages plotted against the square root of time. (c)
Self-discharge plotted against a log tim e scale................................................................... 63
Figure 23. Self-discharge dependency on the voltage hold time following galvanostatic
charging for (a) a 40 bilayer (0.45 ± 0.02 pim) LbL-MWNT electrode with an initial
voltage of 4.2 V, and (b) a 100 bilayer (1.48 ± 0.14 prm) LbL-MWNT electrode with
an initial voltage of 4 .0 V ................................................................................................................... 65
Figure 24. Cyclic voltammetry comparison of a 40 bilayer electrode in a lithium cell tested
at 30'C and 50*C at scan rates of (a) 1 mV/s, (b) 25 mV/s, and (c) 100 mV/s. The
electrolyte was 1 M LiPF6 in EC:DM C 3:7 v% ...................................................................... 67
Figure 25. Integrated charge from the forward scan in cyclic voltammetry testing of a 40
bilayer electrode at 30*C and 500 C (data obtained from Figure 24).......................... 68
Figure 26. (a) Galvanostatic rate capability testing of a 40 bilayer electrode at 50*C over a
range of currents. (b) Ragone comparison based on galvanostatic data at 30*C and
5 O0 C ........................................................................................................................................................... 6 9
Figure 27. Self-discharge of 40 bilayer electrodes in lithium cells at 30 0 C and 50*C. Prior to
self-discharge measurements at open circuit potential, the cell was held at constant
voltage for 3 hours to ensure full charge. 30'C data were obtained from Figure 22.70
Figure 28. Zeta potential measurement of anatase TiO 2 nanoparticles and negatively-
charged MWNTs as a function of pH. Data for MWNT-COOH are reproduced from
R e f. [3 0 ]................................................................................................................................................... 7 2
Figure 29. Profilometry measurements of thickness of MWNT-TiO2 electrodes as a function
of the num ber of bilayers.................................................................................................................. 73
Figure 30. Atomic Force Microscopy measurements of film roughness for 10 and 20 bilayer
ele ctro d e s................................................................................................................................................ 7 4
Figure 31. Scanning Electron Microscopy images of a top-down view (left) and cross-
section (right) view of LbL-MWNT electrodes on a glass substrate............................ 74
Figure 32. Cyclic voltammetry of MWNT-TiO 2 electrodes in the voltage window 1.0 - 3.0 V
vs. Li (black line) and 0.01 - 3.0 V vs. Li (red line) at a scan rate of 0.1 mV/s......... 76
Figure 33. Cyclic voltammetry of a 10 bilayer all-MWNT electrode assembled on uncoated
glass at a scan rate of 0.1 m V/s ................................................................................................ 76
Figure 34. Cyclic voltammetry as a function of scan rate for (a) 5 bilayer and (c) 20 bilayer
electrodes. The peak currents at redox potential were found to increase linearly
with the square root of the scan rate, indicating a diffusion-controlled process (b
a n d d )........................................................................................................................................................7 8
Figure 35. (a) Cyclic voltammetry as a function of number of bilayers (electrode thickness)
for 5, 15, and 20 bilayer electrodes. The scan rate was 0.5 mV/s over the voltage
range 1 - 3 V vs. Li. (b) Integrated charge from cyclic voltammetry in (a) as a
function of electrode volum e ...................................................................................................... 79
Figure 36. Cycling of a 10 bilayer MWNT-TiO2 electrode at 0.1 mV/s over the voltage range
1 - 3 V v s. L i............................................................................................................................................8 0
12
List of Tables
Table 1. Atomic ratio comparison of XPS Cis spectrum before and after the additional heat
treatment step in a 4% H2-96% Ar mixture for 10 hours at 500*C..................................47
Table 2. Peak-to-peak splitting of the redox couple peaks in cyclic voltammetry
measurements of 5 and 20 bilayer MWNT-TiO 2 electrodes ............................................ 79
14
1. Introduction
1.1. Fundamental Challenges for Energy Storage Devices
Research efforts for developing electrochemical energy storage materials have
conventionally focused on two types of closed-system devices: lithium-ion batteries (1-3)
and electrochemical capacitors (ECs, also referred to as supercapacitors) (4, 5). Lithium-ion
batteries exhibit the highest gravimetric and volumetric energy densities among the
commercialized rechargeable battery chemistries (150 Wh/kgcen and 350 Wh/Lceen,
respectively) (Figure 1) and have therefore become the dominant power source for
consumer electronics where their relatively light weight and small form factor is ideal. As
the development of hybrid-electric and all-electric vehicles becomes increasingly attractive
for environmental reasons, the availability of safe, long lasting, low cost and high-energy
density batteries could be the crucial limiting, or enabling, factor (6). In particular, the high
cell cost (currently $1000/kWh for plug-in EV batteries) and limited cycle life of hundreds
of cycles (7) must be addressed if electrified transportation is to become economically
feasible on a large scale.
Electrochemical capacitors have much higher power capabilities (10 kW/kgceii) but
lower energy densities (5 Wh/kgcei) than lithium-ion batteries (8), and have therefore
found commercial success in certain niche applications where high power is essential. ECs
have been utilized for fast-charging power tools, as load-leveling devices in construction
equipment (9), as backup power supplies for memory in electronic devices, and recently as
an emergency quick-release device on the door of an Airbus A380. Additional envisioned
applications include regenerative braking and power assist in vehicles and load-leveling for
the electric grid (10). In these applications, the demand for power occurs over relatively
short time scales and therefore low energy density has not precluded commercial
applications. However, as illustrated in a Ragone plot of gravimetric energy and power of
electrochemical energy storage devices (Figure 2), there exists a performance gap between
lithium-ion batteries and ECs which could be filled by improving the power performance of
the former or energy storage of the latter. This would enable the development of versatile
devices which can better accommodate the high energy and power needs of future
applications.
400
300
200 Ni-
MH
100
Lead--
acid
0Lighter weight :1
0 50 100 150 200 250
Energy density (W h kg')
Figure 1. Ragone Plot comparing gravimetric and volumetric energy of different battery
chemistries. Figure adapted from (3).
The characteristics of these devices can be understood in terms of the distinct
mechanisms of charge storage within the electrode material (9). Conventional lithium-ion
batteries electrodes consist of micron-sized particles held together in a binding matrix in
which lithium charge is stored chemically in the bulk of active materials through charge
insertion (intercalation) and diffusion processes. This enables high utilization of active
material mass, although the rate (power) capability is limited by solid-state ion diffusion
(11). Furthermore, lithium insertion may introduce mechanical and chemical strains in
intercalation compounds, which can lead to structural change of the active material, a
decline in capacity, and shortened cycle life (12). In contrast, ECs store charge physically at
the surface of active materials through the formation of an electrical double layer (8),
where electrical charge inside the electrode material is counter-balanced by oppositely
charged ionic species in the electrolyte. While double-layer charging is an exceptionally fast
process, only the surface of active materials is utilized leading to lower energy densities
than battery materials. However, volumetric strains are avoided leading to exceptionally
long cycle lives of hundreds of thousands of cycles, with virtually no capacity fade.
These considerations drive material selection for electrodes. Conventional lithium-
ion batteries utilize lithium transition metal oxides (LiMO2, M = Co, Ni, Mn) (1, 13) or more
recently phosphate materials (LiFePO4) (14, 15) with theoretical capacities of 150 - 200
mAh/g for the positive electrode in the voltage range 4.2 - 5.5 V vs. Li. Graphite is
commonly used for the negative electrode (372 mAh/g theoretical capacity at the potential
-0.1 V vs. Li). With an intercalation potential less than 1 V vs. Li, graphite is outside the
window of stability of the nonaqueous electrolyte (Figure 3) (16), although it is protected
by the formation of a surface film consisting of electrolyte reduction products on the first
cell discharge (17). However, this Solid Electrolyte Interphase (SEI) can be broken down
during aggressive charging conditions and is related to increased impedance and shortened
cell lifetime of batteries (12). Therefore, recent efforts have focused on identifying negative
electrode materials with more positive electrode potentials compared to graphite, where
materials such as Li4TisO 12 (LTO) and TiO2 have been shown to be promising candidates
(2).
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Figure 2. Ragone plot comparing gravimetric energy and power densities of electrical
energy storage devices. Figure adapted from (8).
Historically, carbon materials (4, 18-20) have been most popular for
electrochemical capacitor electrodes owing to widespread availability, low cost, good
stability, and tunable properties such as morphology and degree of graphitization through
treatment processes (4). Importantly, carbon materials can develop microporous
structures following high temperature or chemical activation, which leads to extremely
high surface areas of 1000-2000 m2/g (19). As carbon materials can exhibit average
capacitances of 20 pF/cm 2, the theoretical specific capacitance can exceed 200 F/g, which
is roughly approached experimentally in aqueous systems (20). However, aqueous cells are
limited to practical cell voltages of - 1V by the electrolytic decomposition of water.
negative electrode positive electrod
5
- 2.5 V 3
3.7 V electrolyte
0 stability 2L
0window
0
Li metal graphite Li-metal TiO2 LiFePO4 LiMO2
LiC6 alloys Li4Ti5O12
Figure 3. Potential range of thermodynamic stability of organic electrolytes compared to
electrode potentials of common positive and negative battery electrode materials.
The energy of an electrochemical capacitor is determined by E = M2CV2, where C is
the capacitance of the electrode material and V is the cell voltage. Therefore, the active
development of high surface area, and thus high capacitance carbon materials represents
one strategy for increasing the cell energy density. In some non-carbon systems such as
RuO2, surface- and near-surface charge transfer reactions (pseudocapacitance) with ionic
species from the electrolyte proceed in parallel with double layer charging, and can enable
much higher capacitances approaching 1200 F/g (21). However, these materials are very
expensive and not currently practical for widespread use. Another strategy for improving
energy density is to increase the cell voltage by utilizing organic electrolyte, thereby
enabling the voltage range of cells to be extended to 2.7 - 3.0 V. However, the specific
capacitance of carbon materials is lower (100 F/g (19)) in such systems. These various
considerations regarding electrode material selection and cell design reflect the
complicated and coupled tradeoffs inherent in developing high-energy and high-power
electrochemical devices.
In 2001, Amatucci et al. demonstrated the potential to attain high-energy and high
power capability in a single device by combining a "battery-like" negative electrode of
nanostructured lithium titanate (Li4TisO12, or LTO) and a "capacitor-like" positive electrode
of activated carbon to form a so-called asymmetric capacitor (22). Utilization of a
nonaqueous electrolyte enabled a cell voltage up to 3 V and a cell energy density of 20
Wh/kg. Furthermore, excellent capacity retention of 85% after 5000 cycles was reported,
showing that it is possible to combine some key advantages of each electrode type, namely
high energy density of intercalation compounds and stability and cycle life of carbon
capacitive materials. Interest in asymmetric technology has grown, and recently
researchers have reported studies with various electrode configurations (23-25) including
a graphite/activated carbon system with an energy density of roughly 100 Wh/kg and
maximum power of 10 kW/kg (24). However, the perceived advantages of asymmetric
devices will depend critically on the application, as higher energy capability and cycle life
are attained at the expense of power performance (23, 25).
An alternative technique for increasing the energy storage capability of
electrochemical capacitor materials is through the engineering of active surface
morphologies and chemical environments for stored charge. Many carbons contain at least
a small quantity of oxygen-containing surface functional groups (26-28), in particular
carboxyl, carbonyl and quinone groups, which can result from chemical or thermal
processing and activation processes. The amount of surface oxygen generally ranges
between 0.5 - 10 wt.% for activated carbons (29), and has an influence on the open circuit
potential and electrochemical properties of electrodes (30, 31). The contribution of
functional groups to charge storage capability and energy density in organic electrolytes
has not been widely reported, possibly owing to the difficulty of distinguishing between
two or several charge-storage mechanisms in electrochemical testing, and to the relatively
small amount of functional groups on the surfaces of conventional materials. However,
recent studies of lithiation of organic molecules (32) indicate that lithium can be reversibly
reduced in compounds such as Li2 C6 0 at potentials near 3.0 V vs. Li, raising the possibility
of lithiation of carbon-bound oxygen groups in organic electrolyte.
In both systems, surface functional groups could give rise to a pseudocapacitive
charge storage mechanism, in which ionic species cross the double layer and are stored via
a Faradaic process at functional group sites, and which proceeds in parallel with double
layer adsorption on the carbon surface. The significance of pseudocapacitive charge
storage was demonstrated in a recent paper (33), where functionalized carbon electrodes
in aqueous electrolyte were shown to exhibit a high energy of 10 Wh/kg with better rate
performance (1 kW/kg) than activated carbon, despite having a lower specific surface area.
1.2. Nanomaterials: Opportunities and Challenges
Energy storage at the nanoscale presents one opportunity for pushing beyond the
limitations of conventional materials to develop high power and high energy electrode
materials (34-36). Nanomaterials, which are defined to have diameters or critical
dimensions less than 100 nm, are characterized by a high surface-to-volume ratio, giving
behaviors which are determined largely by surface chemistry and structure. For capacitive
materials, this can mean very high utilization of active mass for double layer charging and
pseudocapacitance; for intercalation materials, high surface area and small particle sizes
enables fast charging owing to high electrode-electrolyte contact surface area and shorter
diffusion lengths, respectively (36). However, nanomaterials have significant disadvantages
such as low packing densities of active material, exacerbate parasitic reactions and self-
discharge, and difficult synthesis and materials processing (35). Therefore, the
opportunities presented by nanomaterials can be realized in practical devices only if the
associated limitations can be controlled or minimized through careful engineering.
One nanomaterial receiving widespread attention is carbon nanotubes (CNTs) (37,
38), which are promising candidates for electrochemical energy storage applications owing
to their excellent electrical conductivity, high specific surface area, mechanical strength,
and chemical stability (39). Their very high aspect ratio enables CNTs to act as a fast
electron pathway between the electrolyte interface and current collector or as a
percolating network to improve electrode conductivity. Depending on the electrode
potential range, CNTs can be utilized for double-layer charging in aqueous or organic
electrolyte, or for lithiation at low potentials in nonaqueous cells.
1.3. Layer-by-Layer Electrostatic Assembly Technique
In this work, we employ functionalized multiwall carbon nanotube (MWNT) electrodes as
high-power energy storage materials with high energy densities utilizing the Layer-by-
Layer (LbL) technique (40). In the LbL process (Figure 4), oppositely-charged components
such as polyanions or oxide particles (41) are electrostatically self-assembled on a
substrate via an automated dipping process into stable dispersions of coating materials.
The films are built up "layer-by-layer", enabling finely tuned control of film thickness and
properties through pH, control of the number of layer pairs, or "bilayers", and dipping
times (42).
The LbL process confers several advantages during electrode fabrication compared
to conventional processes such as mechanical mixing and slurry casting. Acid-
functionalized carbon nanotubes are well-suited for the water-based LbL process owing to
the ease of creating well-dispersed solutions, whereas non-functionalized CNTs are
notoriously difficult to disperse owing to high Van der Waals attraction between
nanotubes. The LbL process allows finer control over the film growth and properties (43),
whereas alternative techniques permit little control over the resulting electrode structure
and cannot be used to create nanoscale-thickness films. Finally, conventional electrodes
require binder to hold particles together and maintain electrode structure, which is
insulating, adds inactive mass, and can cover the surface of electrode materials, prohibiting
full utilization of active mass. In contrast, LbL-assembled electrodes utilize electrostatic
sequenti aipping steps 1b DIVae
plasma treated
glass
substrate (-)
(+) DI water DI water
Figure 4. Schematic of the Layer-by-Layer process involving electrostatic assembly of
oppositely-charged materials on a substrate through an automated dipping process.
Positively and negatively charged materials in water are pH-adjusted to create stable
dispersions. Steps 1-4 yield one bilayer pair, and the process can be repeated to create any
number of bilayer pairs or film thickness.
interactions and do not require the addition of binder material, which presents one
opportunity for improving energy density.
1.4. LbL-Assembled All-MWNT Electrodes
To make LbL-assembled MWNT (LbL-MWNT) electrodes, MWNTs are functionalized with
either carboxylic (MWNT-COOH) or amine groups (MWNT-NH2) (Figure 5) via treatment
in nitric and sulfuric acids (43). LbL assembly proceeds via an automated sequential
dipping process of an ITO-coated glass substrate into pH-adjusted baths containing
positively- or negatively-charged MWNTs, including several intermediate rinsing steps in
deionized water, to yield one 'bilayer' (Figure 4). The pH is carefully adjusted to enable
uniform film deposition and controllable growth with each dipping step. Following LbL film
growth, electrodes are heat-treated to induce cross-linking between nanotubes, and to
improve electrode electrical conductivity and mechanical strength.
0 0
+ Layer-by-Layer
i414?l
NH3 NH +++
Assembly tI±CH2 CH la m
H2C H2C + + + + + + + + Self-Assembled MWNTs
NH NH ++++++++ Thin Film
Figure 5. Functionalization of MWNTs with carboxylic acid and amine functional groups
enables utilization of electrostatic interaction to create self-assembled, thin-film electrodes
on a conductive substrate. Figure adapted from (43).
In the first report on LbL-MWNT electrodes, Lee et al. (43) reported that the
thickness of LbL-MWNT electrodes is conformal and increases linearly with the number of
bilayers, indicating stable film growth without densification. Recently, we reported (44)
galvanostatic and cyclic voltammetry testing of LbL-MWNT electrodes in lithium
nonaqueous cells which demonstrated high specific capacity of ~ 200 mAh/g per LbL-
MWNT electrode and a gravimetric capacitance of -250 F/g, respectively, over the voltage
range 1.5 - 4.5 V vs. Li. This capacity was retained with negligible capacity loss following
1000 galvanostatic cycles at accelerated rates. LbL-MWNT electrodes with thicknesses
ranging from 100-500 nm exhibited exceptionally high energy densities (200 Wh/kg) at
high power (100 kW/kg).
This work details the performance of LbL-MWNTs as positive electrodes in
asymmetric cells with either lithium metal or pre-lithiated Li4TisO12 (LTO) negative
electrodes and in symmetric cells consisting of two LbL-MWNT electodes. The presence of
functional groups on the LbL-MWNT surface in cells with a lithium-sourcing negative
electrode has implications for the available charge storage mechanisms in these systems. In
a symmetric cell consisting of two LbL-MWNT electrodes in organic electrolyte, charge
neutrality requirements prohibit the net removal of charge from the electrolyte, as occur
through Faradaic charge-transfer processes with surface functional groups. Therefore,
symmetric cells are expected to exhibit exclusively double-layer charging. However, when
one electrode is replaced by a negative electrode capable of supplying lithium ions,
Faradaic reactions are now accessible at the positive electrode as the net lithium ions
supplied by lithium metal or LTO can be consumed at the positive electrode. The role of
Faradaic charge storage in asymmetric LbL-MWNT capacitors will be examined in the
context of symmetric cells and in the broader context of lithium storage devices, with
analysis of charge storage kinetics (cyclic voltammetry), rate capability, and cycling
behavior. In consideration of practical applications, self-discharge characteristics will be
examined. Finally, energy and power densities of LbL-MWNT electrodes will be discussed.
1.5. LbL-Assembled MWNT-Ti0 2 Electrodes
Lithium-ion batteries exhibit the highest gravimetric energy densities among the
commercially available secondary (rechargeable) battery chemistries (3). This can be
attributed to the combination of a high-potential positive electrode material (lithium metal
oxides with intercalation potentials above 4.0 V vs. Li) with a low-potential negative
electrode (typically graphite, with an intercalation potential of -0.1 V vs. Li), giving cell
voltages of ~ 4 V vs. Li. These high voltages are possible only in cells using organic
electrolyte (16) owing to the low voltage window of stability (-1 V) of aqueous electrolyte
(16).
However, several critical electrode degradation mechanisms are associated with
low-potential negative electrodes (12). Firstly, organic electrolytes are unstable at low
potentials (< 0.9 V vs. Li), where they decompose to form surface films (Solid Electrolyte
Interphase, or SEI (17)) on the negative electrode surface. Once formed, the SEI can act as a
protective barrier, analogous to an oxide layer on metals, that protects the electrode
surface and prevent further parasitic consumption of electrolyte. However, in practical
applications the SEI is a dynamic film (45) that can be broken during aggressive use
conditions such as at high rates, and the film must then be reformed by irreversible
consumption of electrolyte. Second, owing to an intercalation potential very close to that of
lithium metal, aggressive charging of the electrode can cause overpotentials that drive the
electrode into the lithium plating regime (46) which can lead to the formation of metallic
lithium dendrites and lead to cell shorting.
As these degradation mechanisms result unavoidably from utilizing low-potential
negative electrodes, it is of great interest to develop alternative negative electrodes that
store lithium at potentials within the electrolyte stability window. One promising material
is titanium oxide (Ti02) which is known to reversibly intercalate lithium around 1.7 V vs. Li
(47, 48) with a theoretical capacity of 336 mAh/g assuming one lithium per formula unit (x
= 1). However, bulk anatase TiO 2 has been shown to exhibit solid-state diffusion limitations
(49, 50) resulting in only partial (x ~ 0.5) utilization of the theoretical capacity (51).
Several researchers have addressed this limitation by using materials with nanoscale
dimensions such as thin films (52), nanoparticles (53), or nanorods (54) of anatase TiO 2
where capacities in excess of 200 mAh/g have been reported. However, poor volume
packing of nanoparticles and poor electrical contact between neighboring particles
presents a challenge for developing high energy density and high power electrodes. One
strategy to address these limitations is to anchor TiO 2 nanoparticles on an electrically
conductive MWNT network, where MWNTs could act as a fast electron pathway to active
sites in both the TiO 2 bulk and on the MWNT surface.
In order to investigate the opportunities afforded by the LbL technique to assemble
highly controllable and binder-free energy storage electrodes, the LbL process has been
modified (Figure 6) to incorporate negatively-charged MWNTs and positively-charged
titania (TiO2 anatase) nanoparticles for applications as lithium ion battery negative
electrodes. By adjusting the pH of anatase nanoparticles in dispersion, the degree of
surface protonation of native hydroxyl groups (26), (55) can be controlled, rendering
positive electrostatic surface charges. This work reports on preliminary findings of
MWNT-TiO 2 electrodes including film characterization and testing in electrochemical cells.
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Figure 6. Layer-by-Layer process adapted to incorporate TiO2 nanoparticles with MWNTs.
Intrinsically-charged TiO2 (+) and acid-functionalized MWNT (-) interact electrostatically
to develop binder- and additive- free thin-film electrodes on a conductive substrate.
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2. Experimental
LbL-MWNT films were fabricated on ITO-coated glass slides according to the layer-by-layer
process involving electrostatic adsorption of alternately charged MWNTs, as detailed
previously (43). Assembly was performed using a modified Carl Zeiss DS50 programmable
slide stainer. Following film assembly, the films were dried in air and then heat treated
sequentially at 150 'C in vacuum for 12 hours and at 300 *C in H2 for 2 hours to improve
film mechanical integrity and increase electrical conductivity. Electrode thickness was
determined using a Tencor P-10 Profilometer and film volume was related to mass using
quartz crystal microbalance, from which the density of LbL-MWNT films was determined to
be 0.83 g/cm 3 after the heat treatments.
Surface composition of LbL-MWNT electrodes was determined by X-ray
Photoelectron Spectroscopy (XPS) using a Kratos Axis Ultra XPS instrument (Kratos
Analytical, Manchester) with a monochoromatized Al Kc X-ray source. The take-off angle
relative to the sample substrate was 90*. Curve fitting of the photoemission spectra was
performed following a Shirley type background subtraction using the Gaussian-Lorentzian
function with an asymmetric Cis peak from sp 2 hybridized carbons centered at 284.5 eV
(generated from raw MWNTs) as a reference. The experimental uncertainty of the XPS
binding energy is ± 0.1 eV. Relative sensitivity factors used to scale the peaks of C 1s, 0 1s,
and N is were 0.278, 0.780, and 0.477, respectively.
The Li4TisO12 (LTO) was prepared using a solid-state method with Li2 CO3 (Alfa
Aesar, 99.998%) and Ti0 2 (anatase, MTI Corporation, 99.99%, particle size 5-10 nm).
Li2 CO 3 and Ti0 2 were uniformly mixed (with a weight ratio of Li to Ti of 4.2/5.0), and the
mixture was pre-heated at 600 *C for 1 hour in dry air. The product from the pre-heat
treatment was reground, pelletized, and then reheated up to 850 *C in dry air. To make the
electrode, 80 wt% LTO was mixed with 10 wt% SUPER-P@ carbon black and 10 wt%
polyvinylidene fluoride (PVdF) in N-methyl-2-pyrrolidone (NMP). The mixture was cast on
aluminum foil with a doctor blade and was dried in a vacuum oven at 60 *C for 2 hours and
then at 110 *C for 12 hours. LTO electrodes with an area of 2.36 cm 2 (average weight: 9.24
mg) were prelithiated by lithium metal prior to electrochemical testing with LbL-MWNT
electrodes. After preconditioning LTO by repeating lithiation and delithiation several times
at 0.2 C (35 mA/g), lithiation was stopped at about 70% of the full capacity for use in
LTO/LbL-MWNT cells.
Two-electrode electrochemical cells (Tomcell Co. Ltd., Japan) were assembled with
LbL-MWNT film on ITO-coated glass as the positive electrode and lithium foil (2.54 cm 2) or
LTO as the negative electrode (Figure 7). For standard tests, the electrolyte was 1 M LiPF 6
in ethylene carbonate (EC) and dimethyl carbonate (DMC) 3:7 vol% (Kishida Chem. Corp.
Ltd., Japan) contained within two microporous separators (Celgard 2500) (Figure 8). For
electrolyte tests, either 1 M LiBF 4 in EC:DMC 3:7 vol%, 1 M LiClO 4 in PC, or 1 M (C2 Hs) 4 NBF 4
(TEABF 4) in PC:DMC 1:1 vol% were used. The planar electrode area of LbL-MWNT
electrodes was 1.05 cm 2 and thickness ranged between 300 nm (30 bilayers) to 3 pim (200
bilayers). Aluminum foil (25 im thickness) was attached to the ITO-coated glass slide as
the positive current collector with an area of 1 cm x 0.7 cm in contact with LbL-MWNT film.
The symmetric cell was constructed by replacing the negative electrode with a second LbL-
MWNT electrode of equal thickness. The electrolyte was 1 M LiPF 6 in EC:DMC 3:7 vol%
unless otherwise indicated. No pre-lithiation was performed for the symmetric cell
electrodes prior to cell assembly. Electrochemical testing was performed using a Solartron
4170 at room temperature unless otherwise noted.
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Figure 7. Schematic of two-electrode electrochemical cell configuration with LbL thin film
positive electrode, lithium metal or LTO negative electrode, and 1M LiPF6 EC:DMC
electrolyte.
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Figure 8. Schematic of cell assembly for two-electrode electrochemical testing.
For layer-by-layer assembly of MWNT-TiO2 electrodes, the positively-charge
MWNTs were replaced with a stable dispersion of anatase TiO 2 particles (32 nm, Alfa
Aesar) in water at a pH of 2.5. The negatively-charged MWNT dispersion and DI water
baths were also adjusted to a pH of 2.5. Owing to low-potential reactivity of ITO coating
with organic electrolyte, uncoated glass was used as the substrate. In electrochemical
testing, cells were assembled as above with a MWNT-TiO2 positive electrode, lithium metal
negative electrode, two microporous separators (Celgard 2500), and 1 M LiPF 6 in EC:DMC
3:7 vol% as the electrolyte. The cell voltage was 1.0 - 3.0 V vs. Li for lithiation of Ti0 2 tests
or 0.01 mV - 3.0 V vs. Li for lithiation of MWNTs/Ti0 2. The current collector was aluminum
or copper foil, respectively.
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3. Results
3.1. Electrochemical Testing of LbL-MWNT electrodes
3.1.1. Rate capability and cyclic voltammetry in lithium cells
Charge and discharge capacities of a 30 bilayer electrode (313 ± 5 nm) were measured
under galvanostatic conditions (0.4 - 550 A/g) in the voltage range 1.5 - 4.5 V vs. Li (Figure
9a). Prior to charge or discharge, the voltage was held constant for 30 minutes at 1.5 or 4.5
V. At low rate (0.4 A/g), the galvanostatic charge capacity was 208 mAh/g and discharge
capacity was 197 mAh/g, indicating that charge storage is reversible with a Faradaic
efficiency of 95%. The discharge capacity remained higher than 150 mAh/g at rates up to 9
A/g, and roughly half (100 mAh/g) of the low-rate capacity was attainable at 183 A/g,
corresponding to full discharge in less than 2 seconds.
Thicker electrodes of 100 and 200 bilayers (1.48 ± 0.14 prm and 2.98 ± 0.17 prm,
respectively) showed lower discharge capacities compared to thinner electrodes (Figure
9b-d) based on gravimetric current. At 0.4 A/g, the discharge capacity of the 100 bilayer
electrode was 175 mAh/g, while that of the 200 bilayer electrode at half that rate (0.2 A/g)
was 160 mAh/g. Furthermore, the capacities declined more severely for 100 and 200
bilayer electrodes at higher rates compared to the 30 bilayer electrode. The lower
capacities for thicker electrodes could be related to the porous structure of LbL-MWNT
electrodes (44), where high impedance within the pores could limit ion transport and
wetting of the active surface by electrolyte (56-58). An additional limitation could occur at
the lithium metal surface. Area-specific rates higher than 1 mA/cm 2 , corresponding to rates
greater than 42 A/g for the 100 bilayer electrode, are considered aggressive for lithium
metal electrodes and are known to cause significant morphological changes on the lithium
surface (45). Based on the measured capacities, the total amount of lithium required to
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Figure 9. Galvanostatic rate capability in lithium cells over the voltage range 1.5 - 4.5 V vs.
Li for LbL-MWNT electrodes of (a) 30 bilayers (0.31 ± 0.01 ptm), (b) 100 bilayers (1.48 ±
0.14 jim), and (c) 200 bilayers (2.98 ± 0.17 jim). Voltage was held for 30 minutes at 1.5 or
4.5 V prior to charge or discharge, respectively. (d) Ragone plot of discharge capacity vs.
specific current for 30, 100 and 200 bilayers.
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charge the LbL-MWNT electrodes was roughly 3-7 times higher for 100 and 200 bilayers
than for 30 bilayers, which could lead to roughening and dendritic growth on the lithium
surface following several dissolution and deposition cycles.
Galvanostatic rate capability data are used to calculate gravimetric energy
obtainable from LbL-MWNT electrodes as a function of average gravimetric power, as
presented in a Ragone plot in Figure 10. At low powers (1 kW/kg), LbL-MWNT electrodes
deliver between 400 and 500 Wh/kg which is comparable to the energy densities of the
conventional positive electrode materials LiCoO2, LiFePO4 (32), and LiNio.sMno.s02 (11). At
higher powers (100 kW/kg), the available energy density (200 Wh/kg) is higher than that
of conventional lithium batteries, high-power batteries (59) and electrochemical capacitors
(8). As the gravimetric energy and power density considers only the mass of LbL-MWNT
active material, practical energy densities of packaged cells would be roughly 5 times lower
than electrode energy based on a common rule of thumb estimation. This yields packaged
cell energy and power of roughly 40 Wh/kg at 20 kW/kg, respectively, which is higher than
the energy density of lithium-ion batteries at 20 kW/kg.
Cyclic voltammograms of 40 and 100 bilayer electrodes in lithium cells over the
voltage range 1.5 - 4.5 V (Figure 11a and Figure 11c) show reversible and capacitive-like
charging of LbL-MWNTs, as indicated by the rectangular profile. A redox 'wave' or set of
small peaks centered around 3.2 V is present at all rates. Previously, we showed that these
features can be attributed to Faradaic reactions between lithium ions and surface oxygen-
containing functional groups on LbL-MWNT electrodes at potentials below 3.5 V vs. Li (44).
Additional evidence and discussion of proposed charge storage mechanisms will be
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Figure 10. Ragone plot showing gravimetric power performance and energy storage
capability of LbL-MWNT electrodes with thicknesses of 0.31 - 2.98 ptm (30 - 200 bilayers).
Energy and power were calculated from galvanostatic rate capability data in Figure 9.
presented in the following sections. The peak current, measured at the redox potential (~
3.2 V vs. Li), increases linearly as a function of the scan rate for both electrode thicknesses
(Figure 11a and Figure ic inset), indicating that charging of the LbL-MWNT electrode is a
surface-limited process reflecting both double-layer charging and surface Faradaic
reactions or (pseudocapacitance).
Differential capacitance was determined from cyclic voltammetry data for 40 and
100 bilayers (Figure 11b and Figure lid) by dividing the current by the scan rate v. At 1
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Figure 11. Cyclic voltammetry and differential capacitance in the voltage window 1.5 - 4.5
V vs. Li for LbL-MWNT electrodes of 40 bilayers (0.45 ± 0.02 pim) (a) and (b) and 100
bilayers (1.48 ± 0.14 im) (c) and (d). Results are normalized by the weight of LbL-MWNT
electrodes. Differential capacitance was obtained by dividing the specific current obtained
from cyclic voltammetry by the scan rate which ranged between 1 mV/s and 100 mV/s.
The current corresponding to redox behavior at -3.2 V vs. Li was found to increase linearly
with the scan rate for both thicknesses ((a) and (c) insets) indicating a surface redox-
limited process.
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mV/s, the average capacitance of the 40 bilayer electrode over the 1.5 - 4.0 V range was
160 F/g, which is comparable to or higher than activated carbon (60) and CNT-based
electrodes (61, 62) in organic electrolyte reported in the literature. At a higher scan rate of
100 mV/s, the average capacitance was 70 F/g. For the 100 bilayer electrode, the average
differential capacitance was 150 F/g at 1 mV/s and 70 F/g at 100 mV/s, indicating
comparable kinetics for both electrode thicknesses. It is hypothesized that the high
differential capacitance of 445 F/g at 4.5 V could be related to anodic oxidation of the
electrolyte, intercalation of PF 6~ anions (63) into the graphene layers of multiwall
nanotubes, or redox charge storage reactions with nitrogen-containing functional groups.
In electrodes of both thicknesses, a transition to more "capacitor-like" storage was
observed as the scan rate increased, indicated by a smoothing of redox peaks leading to a
more rectangular i/v profile.
3.1.2. Contribution offunctional groups to gravimetric capacity and energy
Proposed charge storage mechanisms
The high gravimetric capacity and energy of LbL-MWNT electrodes compared to
conventional EC electrodes and the high gravimetric power compared to lithium-ion
batteries can be understood in terms of the charge storage mechanisms available in LbL-
MWNT lithium cells. Figure 12 compares electrochemical processes in LbL-MWNT
asymmetric lithium cells (Figure 12a) and symmetric ECs (Figure 12b) with lithium-ion
batteries and porous electrochemical capacitors (Figure 12c and d, respectively). In all
cases, charge neutrality requirements in the electrolyte prevent the net addition or
removal of ionic species from the liquid phase. In lithium-ion batteries utilizing two lithium
storage (intercalation) electrodes, Faradaic processes at the positive and negative
electrodes are coupled such that any lithium ion deintercalating from one electrode
(lithium 'source') is accompanied by intercalation at the opposing electrode (lithium
'sink'). This permits near-full utilization of the active mass of electrode materials, while
energy density of the cell is limited by the gravimetric capacity of the lowest-capacity
electrode. In electrochemical capacitors lacking a lithium storage electrode, the only
available charge mechanism is double-layer adsorption of ionic species from the
electrolyte, a physical process in which ionic species remain in the liquid phase. Therefore,
only the surface of active materials is utilized for charge storage and energy density is
limited by the double-layer capacitance and active surface area, which limits the cell energy
to be lower than in batteries.
In LbL-MWNT asymmetric cells, surface functional groups can store lithium through
Faradaic reactions owing to the presence of a lithium source negative electrode (lithium
metal or other pre-lithiated intercalation compound), as in Figure 12a. Upon initial
discharge of the cell from OCV (-3.2 V vs. Li), lithium ions are reduced at functional group
sites on the positive electrode. During subsequent charging of the cell, lithium ions can be
oxidized from functional groups above -3 V vs. Li in addition to double-layer adsorption of
PF6- anions on the MWNT surface. Therefore, LbL-MWNT asymmetric cells represent a
distinct concept from works on asymmetric cells consisting of a lithium storage negative
electrode and electrochemical capacitor positive electrode, where charge neutrality
requirements limit charge storage to surface electrostatic or near-surface partial charge
transfer and which represents a modest increase in cell energy density to between 20-40
LbL-MWNT asymmetric cell
with Li source
negative electrolyte positive
electrode electrode
b) symmetric LbL-MWNT capacitor
negative etroe positive
elecrode electrode
QLi*
PF
& 0-containing functional group
Li-ion battery
ative electrolyte posi
electrode
d)
Uve
electrochemical capacitor
.4-e *
negavve
electrodeelectrode
0~~@
* 0
9@
*0
electrolyte positve
electrode
Figure 12. Schematic of charge storage mechanisms available in LbL-MWNT cells and
comparison with electrochemical devices. (a) Upon charge, LbL-MWNT asymmetric cells
with a lithium storage negative electrode can utilize Faradaic reactions involving surface
functional groups and also double layer charging with electrolyte ions, combining the
charge storage mechanisms available in conventional lithium-ion batteries (c) and
electrochemical capacitors (d). In symmetric LbL-MWNT cells (b), charge neutrality
requirements require that electrolyte ions remain in the electrolyte, and therefore there is
no net Faradaic reaction.
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Wh/kg (22, 23, 25). Interestingly, one report of very high energy density (-100 Wh/kg) in
a nonaqueous asymmetric cell (24) utilizes graphite as the negative electrode and activated
carbon as the positive electrode, which can contain a large amount of surface oxygen
resulting from the activation process. Indeed, reported cyclic voltammetry data reveal
similar redox 'wave' features near - 3.2 V vs. Li as observed in LbL-MWNT cells.
Removal of surface functional groups through high temperature heat-treatment
In order to confirm the contribution of surface functional groups to enhanced charge
storage in LbL-MWNT electrodes, an additional heat treatment step at 500 *C in a 4% H2 -
96% Ar mixture was performed on a 40 bilayer electrode. XPS results (Figure 13a-b and
Table 1) reveal that oxygen-containing species decreased by almost 70%, indicating that
the amount of surface functional groups significantly decreased as a result of the treatment.
The cyclic voltammogram (Figure 13c) of the electrode following the additional heat
treatment reveals a profile that is flatter near 3.0 V vs. Li compared to a different 40 bilayer
electrode that did not receive the additional heat treatment, with an absence of any
identifiable redox peaks. Furthermore, galvanostatic testing (Figure 13d) indicates that the
discharge capacity was lower (178 mAh/g) with a more steeply sloping profile in the heat
treated sample compared to 230 mAh/g in the non-heat treated sample. These findings
support the proposed role of oxygen-containing surface functional groups in rendering
high capacity, and therefore high energy, to LbL-MWNT electrodes.
3.1.3. Rate capability, cyclic voltammetry and cycling in LTO cells
In order to avoid the safety risk and cell lifetime limitations associated with lithium metal
and to demonstrate performance in practical cells, we studied LbL-MWNT performance in
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Figure 13. XPS Cis spectrum for 40 bilayers (a) without and (b) with an additional heat
treatment at 500 *C for 10 hours in 4% H2 - 96% Ar mixture. (c) Comparison of cyclic
voltammetry at 1 mV/s for a 40 bilayer electrode that received the additional heat
treatment with one of similar thickness that did not receive the additional processing. (d)
Galvanostatic charge and discharge comparison of 40 bilayer LbL-MWNT electrodes with
and without the additional heat treatment step.
cells with a Li4TisO12 (LTO) negative electrode. LTO is attractive as a 'zero-strain' lithium
host that undergoes little volumetric expansion during charge insertion and exhibits
excellent cycling behavior (64). With an intercalation potential at roughly 1.5 V vs. Li,
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which is within the window of stability of organic electrolytes, Solid Electrolyte Interphase
(SEI) film formation and other electrode degradation processes associated with low
potentials (<1 V vs. Li) can be avoided. However, owing to the higher intercalation potential
compared to lithium metal, utilization of the LbL-MWNT electrode in the same potential
range as in lithium cells (1.5 - 4.5 V vs. Li) gives a cell voltage of 0.0 - 3.0 V vs. LTO, thus
lowering the energy density obtainable in these cells. In these experiments, LTO was pre-
charged to roughly half stoichiometry (Lis.sTisOl2) prior to cell assembly and the LTO
electrode was oversized in order to ensure constant potential at the negative electrode.
% Atomic Concentration
Name without extra HT step with extra HT step
C is (SP2-C) 66.1 85.9
Cis (SP3-C) 11.1 5.7
C is (C-N, C-0) 7.8 3.4
C 1s (C=O) 5.7 2.8
C is (N-C=O, COOR) 7.5 0.7
C 1s (Satellite) 1.9 1.5
Table 1. Atomic ratio comparison of XPS Cis spectrum before and after the additional heat
treatment step in a 4% H2-96% Ar mixture for 10 hours at 500*C.
Galvanostatic charge and discharge of 30 and 100 bilayer LbL-MWNT/LTO cells
(Figure 14a and Figure 14b) follows a similar sloping profile as in lithium cells in the
voltage range 0.0 - 3.0 V vs. LTO. At 0.7 A/g (corresponding to full discharge in 22
minutes), the discharge capacity was 255 mAh/g in the 30 bilayer electrode, while the 100
bilayer electrode capacity was 170 mAg/h at the same specific current. The capacity of 30
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Figure 14. Galvanostatic rate capability with a Li4TisOi 2 (LTO) negative electrode for LbL-
MWNT thicknesses of (a) 30 bilayers (0.31 ± 0.01 pm) and (b) 100 bilayers (1.48 ± 0.14
prm). The voltage range 0.0 - 3.0 V vs. LTO corresponds to 1.5 - 4.5 V vs. Li. Voltage was
held for 30 minutes at 0.0 or 3.0 V prior to charge or discharge, respectively. (c, d) Ragone
plots of discharge capacity as a function of current density for 30 and 100 bilayers in LTO
cells compared with performance in lithium cells of 40 and 100 bilayers, respectively.
bilayer LbL-MWNT electrodes in LTO cells is higher than the capacity of 40 bilayer LbL-
MWNT lithium cells at low rates (Figure 14c), while performance at higher rates was
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comparable. For 100 bilayer electrodes, the rate capabilities were the same in LTO and
lithium cells over all specific currents (Figure 14d). A possible explanation for these results
is that at high rates (greater than 50 A/g) for thinner electrodes and for all rates in thicker
electrodes, the accessible electrode surface area could be limited by slow ion transport in
the porous structure of LbL-MWNT electrodes (43), yielding similar capacities independent
of thickness.
Cyclic voltammetry of 30 and 100 bilayer LbL-MWNT electrodes (Figure 15a and
Figure 15c, respectively) exhibited a similar profile in LTO cells as in lithium cells, with
predominantly double layer capacitive charge storage supplemented by a redox wave
centered around 1.7 V vs. LTO (3.2 V vs. Li). The peak current associated with the redox
process scaled linearly with the scan rate for both thicknesses (figure insets), indicating a
surface-limited process as in lithium cells. The average capacitance at 1 mV/s over the
voltage range 0.0 - 2.5 V was 290 F/g for the 30 bilayer cell (Figure 15b), which is
significantly higher than the specific capacitance (160 F/g) in the 40 bilayer lithium cell at
the same rate. For the 100 bilayer cell at 1 mV/s, the average capacitance was 180 F/g
(Figure 15d), slightly higher than that in lithium cells (150 F/g). These trends are
consistent with those observed in galvanostatic testing in Figure 14.
The discharge capacity of 30 bilayer LTO/LbL-MWNT cells declined by 44% over
1000 cycles (Figure 16) from 187 mAh/g to 104 mAh/g, a 44% capacity loss, with the
largest capacity decline occurring within the first 100 cycles. The Faradaic capacity, defined
as the ratio of discharge to charge capacity, increased steadily from 0.61 to 0.91. The origin
of large capacity loss during initial cycles is unclear, although it appears to be related to the
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Figure 15. (a) Cyclic voltammetry in the voltage window 0.0 - 3.0 V vs. LTO for LbL-MWNT
electrodes of 30 bilayers (0.31 ± 0.01 prm) and (c) 100 bilayers (1.48 ± 0.14 pm). The
current is normalized by weight of LbL-MWNT electrodes. Scan rates ranged between 1
mV/s and 100 mV/s. The current corresponding to redox behavior at -1.7 V vs. LTO was
found to increase linearly with the scan rate for both thicknesses (figure insets). (b)
Differential capacitance in the voltage window 0.0 - 3.0 V vs. LTO for LbL-MWNT
electrodes of 30 bilayers (0.31 ± 0.01 pm) and (d) 100 bilayers (1.48 ± 0.14 pm).
LTO electrode. One possible explanation is electrolyte decomposition and film formation on
the LbL-MWNT surface at potentials near 3.0 V vs. LTO (4.5 V vs. Li) which could cause
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impedance to increase with cycling and cause high polarization at the positive electrode.
This mechanism is supported by the large imbalance in charge and discharge capacities at
low rates (0.7 A/g and 0.2 A/g in Figure 14a and Figure 14b, respectively), which suggests
that a parasitic process could be occurring at high voltages during charge.
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Figure 16. Galvanostatic cycling performance of LbL-MWNT electrodes in LTO cells
measured at a rate of 10 pA (0.36 A/g). Measurements were taken every 100 cycles,
between which cells were cycled at an accelerated rate of 70 pA (2.5 A/g). The Faradaic
efficiency, defined as Qdischarge/Qcharge, is plotted as a function of cycle number (blue
triangles).
3.1.4. Symmetric LbL-LbL cells
In order to study the intrinsic double layer behavior of LbL-MWNT electrodes in organic
electrolyte, a symmetric cell consisting of two identical 40 bilayer LbL-MWNT electrodes
was constructed. The voltage range was 0.0 - 3.0 V vs. LbL-MWNT, which roughly
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corresponds to the potential range of 3.0 - 4.5 V vs. Li for the positive electrode and 3.0 -
1.5 V vs. Li for the negative electrode based on the LbL-MWNT open circuit potential of ~
3.0 V vs. Li. Cyclic voltammetry data (Figure 17a) indicate that the peak specific current
obtainable at 1 mV/s was roughly four times lower than in a 40 bilayer LbL-MWNT/lithium
cell (0.05 A/g at 1.5 V vs. LbL-MWNT and 0.22 A/g at 3.5 V vs. Li, respectively) based on the
mass of one electrode. At a scan rate of 100 mV/s, the obtainable current in symmetric cells
was roughly five times lower than in lithium cells (2.3 A/g and 12.2 A/g, respectively).
Furthermore, the cyclic voltammogram shape was flatter and did not exhibit redox wave
features observed in asymmetric lithium cells. This is consistent with the fact that as charge
neutrality requirements in the electrolyte limit available charge storage mechanisms to
double layer and pseudocapacitance in symmetric cells (Figure 12), Faradaic reactions with
oxygen-containing functional groups cannot be fully utilized as in lithium or LTO cells.
Differential capacitance (Figure 17b) of a single LbL-MWNT electrode was
determined from symmetric cell cyclic voltammetry data. At 25 mV/s, the average
electrode capacitance over the voltage range 0.0 - 2.5 V was 40 F/g, which is comparable to
the capacitance of CNT electrodes in organic electrolyte reported elsewhere (61, 64). At
100 mV/s, the average capacitance was 30 F/g. The high differential capacitance at
voltages greater than 2.5 V is attributed to electrolyte decomposition at the positive
electrode, which could see potentials greater than 4.5 V vs. Li in an imbalanced symmetric
cell or depending on the open-circuit potential of LbL-MWNT electrodes. This relatively
low capacitance is confirmed by galvanostatic tests (Figure 17c) in which the specific
capacities obtainable from symmetric cells were 5-6 times lower than in lithium or LTO
cells, giving 30 mAh/g at 3.6 A/g and 19 mAh/g at 71.6 A/g.
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Figure 17. Cyclic voltammetry (a) and differential capacitance (b) over a range of scan rates
in a symmetric LbL-MWNT / LbL-MWNT cell with 1 M LiPF6 EC:DMC 3:7 v% electrolyte
normalized by the weight of one electrode. (c) Galvanostatic charge and discharge for
several gravimetric currents.
3.1.5. Energy and power densities of LbL-MWNT systems
A comparison of energy and power characteristics of LbL-MWNT electrodes in lithium,
LTO, and symmetric cells is presented in a Ragone Plot in Figure 18. Energy and power
were calculated from the galvanostatic rate capability data in Figure 9, Figure 14, and
Figure 17, respectively. LbL-MWNT electrodes in lithium cells delivered exceptionally high
energy density (200 Wh/kg) at high power (100 kW/kg). Despite having similar rate
capabilities, LTO cells deliver lower energy at an intermediate power of 1 kW/kg compared
to lithium cells (165 Wh/kg and 475 Wh/kg, respectively), which is attributed largely to
the lower cell voltage. Symmetric LbL-MWNT cells deliver the lowest energy density (37
Wh/kg at 1 kW/kg) which can be attributed in part to the inability to utilize redox
reactions with surface functional groups for charge storage in symmetric cells. Using a
well-known rule of thumb which relates energy and power density of electrodes to the
packaged values by dividing by 1/3, the energy density of symmetric cells could be
estimated as approximately 8 Wh/kg at 10 kW/kg, which is comparable to conventional
double layer capacitors (8).
3.1.6. Electrolyte Studies
In order to characterize the influence of the electrolyte on LBL-MWNT electrode
electrochemistry, and to further investigate the available charge storage mechanisms, 40
bilayer lithium cells were constructed with either 1 M LiBF 4 (EC:DMC 3:7 v%), 1 M LiClO 4
(PC), or 1 M TEABF 4 (PC:DMC 1:1 v%) electrolytes (Kishida Chemical Corp, Japan). In the
case of LiClO4 and TEABF 4 electrolytes, the two Celgard 2500 separators were replaced
with two Celgrard 3501 separators, which are surfactant-coated to improve wettability in
PC solvent. All other cell construction details and electrochemical testing parameters were
identical to those presented previously.
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Figure 18. Ragone plot comparing gravimetric power and energy densities of Li/LbL-
MWNT, LTO/LbL-MWNT and symmetric LbL-MWNT/LbL-MWNT cells in the positive
electrode potential range corresponding to 1.5 - 4.5 V vs. Li. Results were obtained from
galvanostatic measurements (Figure 9, Figure 14, and Figure 17, respectively).
Cyclic voltammetry comparisons of 40 bilayer electrodes in the different
electrolytes, including comparison with baseline electrode performance in LiPF 6
electrolyte, are shown in Figure 19 for scan rates of 1, 25, and 100 mV/s over the voltage
range 1.5 - 4.5 V vs. Li. At 1 mV/s, the average gravimetric currents over the voltage range
1.5 - 3.5 V vs. Li were comparable for the Li-based electrolytes (0.14, 0.11 and 0.12 A/g for
LiPF 6, LiBF 4 and LiClO4, respectively), while the average obtainable current in TEABF 4 was
smaller (0.06 A/g). The Faradaic peaks at 4.5 V vs. Li in TEABF 4 and LiClO 4 could be caused
by oxidation of the PC solvent, which has a lower oxidation potential compared to ethyl-
and dimethyl carbonates (16). At 25 and 100 mV/s, TEABF 4 continued to exhibit the
smallest average gravimetric currents, followed by LiClO4, LiPF6, and LiBF 4.
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Figure 19. Cyclic voltammetery comparison of 40 bilayer LbL-MWNT electrodes in lithium
cells with different electrolytes at scan rates of (a) 1 mV/s, (b) 25 mV/s, and (c) 100 mV/s.
The gravimetric capacities obtainable from LbL-MWNT electrodes in different
electrolytes were of comparable magnitude to the capacities in LiPF 6 electrolyte and
exhibited a similar rate dependence. At 10 p.A (-0.2 A/g), the discharge capacities in LiClO4
and LiBF 4 were 156 and 177 mAh/g, respectively, while the capacity was 253 mAh/g in
TEABF 4. While LiBF 4 and LiClO 4 capacities declined similarly with increasing rates, the
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Figure 20. Galvanostatic rate capability comparison of 40 bilayer LbL-MWNT electrodes
over a range of currents in (a) LiBF 4 in EC:DMC, (b) LiClO4 in PC and (c) TEABF 4 in PC:DMC
electrolytes. (d) Ragone plot of gravimetric charge as a function of gravimetric current
density as obtained from (a)-(c).
capacity decline of the TEABF 4 cell was more severe. At 15 mA (-260-290 A/g), the
specific capacity of LiClO 4 and LiBF 4 were 42 and 57 mAh/g, respectively, while the TEABF 4
capacity was only 7 mAh/g. Rate capability results are summarized in Ragone plots of
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gravimetric capacity as a function of gravimetric current (Figure 20d) and gravimetric
energy as a function of gravimetric power (Figure 21).
The similarity among the cyclic voltammetry and galvanostatic results in LiPF6,
LiBF 4 and LiClO 4 electrolytes indicates that charge and energy storage in LbL-MWNT
electrodes is independent of anion or solvent. This provides further evidence that high
energy density and power capability are predominantly determined by lithium interaction
with oxygen on LbL-MWNT electrodes. The lower energy densities obtainable in LiBF 4 in
EC:DMC and LiClO 4 in PC could be explained by lower electrolyte conductivities compared
to LiPF 6 in EC:DMC (16). However, it is surprising that the electrode in the TEABF 4 cell
exhibited similar performance as in lithium salt electrolytes, which suggests that TEA+ can
interact with oxygen functional groups. Based on this observation, we believe oxygen
functional groups can act as an anchor for TEA+, indicating that surface-modified carbon
electrodes could be versatile for storing different charged species. As the available energy
in TEABF 4 cells decreases considerably more rapidly at high powers compared to Li-based
electrolytes, it appears that the associated redox reaction could be more kinetically limiting
at high powers compared to redox with lithium ions. The possible redox between TEA+ and
surface oxygen will be further investigated in future work.
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Figure 21. Ragone plot of gravimetric energy and power density of 40 bilayer LbL-MWNT
electrodes in LiPF6, LiBF 4, LiC10 4 and TEABF 4 electrolytes.
3.1.7. Self-discharge and voltage recovery phenomena in lithium cells
Self-discharge of electrochemical capacitors can occur over timescales (minutes to hours)
that affect the practical applications of these devices. In contrast to batteries, which store
charge via a change of oxidation state of the host material, electrochemical capacitors store
charge through surface adsorption, and this distinction has implications for the self-
discharge mechanisms (65). Since self-discharge by definition occurs at open circuit, the
process fundamentally involves coupled charge processes at the electrodes that proceed in
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the absence of electron flow through an external circuit. The predominant self-discharge
mechanisms that occur in electrochemical capacitors are known to be (66) : 1) parasitic
discharge across the double layer interface; 2) diffusion-controlled processes involving
parasitic reactions of electrolyte impurities at the electrodes or charge redistribution
within porous electrodes; and 3) Faradaic processes related to overcharge or
pseudocapacitance that proceeds across the double layer interface. In an electrochemical
device, one or several of these processes can occur, and analytical techniques have been
developed (67) to help identify the predominant mechanism, as follows:
In Case 1, parasitic discharge can be modeled as a resistor Rp in parallel with the double
layer capacitance, Cdl. Self-discharge thus proceeds through a simple RC circuit and the
voltage V declines exponentially in time from its initial value, Vi, as
V(t) = exp (1)
R Cd
Hence, the natural log of open circuit voltage is linear in time in cells where parasitic self-
discharge is dominant. In the case of a diffusion-limited process (Case 2), the voltage will
decline in time with the square root of time elapsed, by
V(t)=V - AFt(2)
where A is a proportionality constant that depends on the diffusion coefficient and
concentration of relevant species (67).
For a Faradaic process (Case 3), the self-discharge current depends on the Tafel slope,
b=RT/aF, and the voltage as a function of time determined by
V(t) = -bIn i* -bh(t+ 0) (3)
bhC
where io is the exchange current density, C is the capacitance, and 0 is an integration
constant. This analysis enables the identification of self-discharge mechanisms by direct
mathematical fitting of the voltage decay profile.
Figure 22a shows room temperature (30*C) self-discharge of a 40 bilayer LbL-
MWNT electrode in a lithium cell from various initial cell voltages following galvanostatic
charging or discharging at fixed current (±5 pA) and voltage hold for 30 minutes. Above 3.5
V, the cell voltage at open circuit declined with time, and the percent voltage loss after 1000
minutes was larger at higher initial voltages (19 % loss from 4.5 V compared to 11 % loss
from 4.0 V). This self-discharge behavior is comparable to or slightly better than self-
discharge in carbon-based (65, 68) and ruthenium oxide (69) electrochemical capacitors
reported in the literature. At voltages below 3 V, the voltage increased with time at open
circuit, in a phenomenon known as 'voltage recovery' that has been reported for porous
electrochemical capacitor electrodes (57, 65). Similarly, the percentage recovery in voltage
depended on the initial cell voltage and was highest for initial voltages farthest from cell
OCV (-3.2 V vs. Li). Throughout this discussion, we distinguish between these two
phenomena.
In order to relate open circuit behavior to the discussed self-discharge mechanisms
in electrochemical capacitors, the data in Figure 22a were analyzed according to Cases 1-3.
First, a plot of log voltage versus time (Case 1) shows a clearly non-linear trend, and the
voltage decay in time was identical with and without the leads connected. Therefore,
simple parasitic self-discharge was ruled out. Next, the self-discharge is plotted as a
function of the square root of time in Figure 22b. The resulting plot also does not clearly
indicate a linear trend, and while it is inconclusive from this diagnostic whether self-
discharge is diffusion-limited in LbL-MWNT cells, it does not appear to be the predominant
mechanism.
When voltage is plotted against log time, as shown in Figure 22c, the voltage decline
is linear at times greater than a critical time which depends on the initial voltage. This
critical time, which is here defined as a deviation of more than 100 mV from the initial
voltage, was roughly 234 minutes at 3.0 V and 2 min. at 4.5 V, indicating a clear dependence
on the degree of polarization away from OCV. Furthermore, the slope of the voltage
response after the critical time is potential-dependent, suggesting that several Faradaic
processes, encompassing several Tafel slopes, could occur at long length scales. This would
be consistent with XPS data (Figure 13 and Table 1) which indicate that carbon-bound
oxygen exists in several different chemical environments on the MWNT surface. A similar
potential-dependence of the self-discharge slope was found by Niu et al. for carbon cloth
electrodes (65), although the origin of the performance was not well understood.
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Figure 22. (a) Self-discharge of a 40 bilayer (0.45 0.02 prm) LbL-MWNT electrode at 300C.
Prior to starting the test, the cell was charged or discharged at low rate (10 pA) to the
desired starting potential followed by a constant voltage hold for 30 minutes. (b) Self-
discharge at select initial voltages plotted against the square root of time. (c) Self-discharge
plotted against a log time scale.
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In order to investigate the effect of the constant voltage hold prior to self-discharge,
the hold time was varied between 0 and 3 hours (Figure 23a). For a 40 bilayer electrode
held for 30 minutes at 4.2 V, the voltage declined by 7% to 3.9 V over 60 minutes and by
11% to 3.7 V over 1200 minutes. For the same electrode held for 3 hours at 4.2 V, the
voltage decline was 5% over 60 minutes and 10% over 1200 minutes. Analysis of the
current at the end of the voltage hold shows that a steady-state current was not reached
within 30 minutes, whereas at the end of the 3 hour hold, the current reached a steady-
state value within the limits of detection of the instrument (less than 1 nA). Therefore, it is
hypothesized that large voltage decay at short time scale reflects a redistribution of charge
within the electrode pores when the galvanostatic load is removed as a result of unequal
charging of the electrode surface (67). Charge redistribution could also similarly affect
voltage recovery at short timescales (57). Similar self-discharge performance was observed
in a 100 bilayer electrode (Figure 23b) held for 30 minutes or 3 hours after charging to 4.0
V. In this case, the voltage decline was 5% over 60 minutes (30 minute hold) and 3% loss
over 60 minutes (3 hour hold).
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Figure 23. Self-discharge dependency on the voltage hold time following galvanostatic
charging for (a) a 40 bilayer (0.45 0.02 pm) LbL-MWNT electrode with an initial voltage
of 4.2 V, and (b) a 100 bilayer (1.48 0.14 [rm) LbL-MWNT electrode with an initial voltage
of 4.0 V.
3.1.8. Temperature Studies
The ability for electrochemical devices to perform over a wide range of temperatures is
critical for certain applications, particularly for electric vehicles and machinery that
operate outdoors. The cell temperature of these devices is known to influence the reaction
kinetics, self-discharge, and electrolyte conductivity, among other parameters (66), and can
therefore have a significant influence on cell performance and lifetime. In order to study
the practical performance of LbL-MWNT electrodes in realistic operating environments,
electrochemical tests were conducted in lithium cells held at 50*C in a controlled
temperature chamber and compared with previous results obtained at 30'C.
Cyclic voltammetry data of a 40 bilayer electrode at 30*C and 50*C are shown in
Figure 24 for a range of scan rates. At all scan rates, increasing the temperature caused a
change in the shape of the cyclic voltammogram, leading to a more pronounced reduction
peak at ~ 3 V vs. Li on the negative scan, and to a shift in gravimetric current to higher
potentials on the positive scan. This redistribution of available capacity to higher potentials
was coupled with a decrease in the gravimetric capacity in the lower potential range.
However, the total integrated charge on the forward scan was higher at 50*C (Figure 25).
The origin of this behavior is unclear but could be related to a change in available charge
storage mechanisms as a function of temperature, where higher temperature could help to
facilitate reduction of oxygen functional groups on the negative scan, leading to a higher
fraction of stored charge being oxygen-bound rather than adsorbed on the surface. As
oxidation of lithium from functional groups occurs at potentials above 3 V vs. Li, this would
lead to smaller current associated with double layer charging at low voltages, and a larger
overall current associated with Faradaic reactions at higher potentials, which is consistent
with the observed behavior.
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Figure 24. Cyclic voltammetry comparison of a 40 bilayer electrode in a lithium cell tested
at 30*C and 50*C at scan rates of (a) 1 mV/s, (b) 25 mV/s, and (c) 100 mV/s. The
electrolyte was 1 M LiPF 6 in EC:DMC 3:7 v%.
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Figure 25. Integrated charge from the forward scan in cyclic voltammetry testing of a 40
bilayer electrode at 30'C and 50'C (data obtained from Figure 24).
Galvanostatic rate capability testing at 50'C (Figure 26a) indicates that the
discharge profile is qualitatively altered by the higher temperature testing, leading to a
profile that is more "wavy" compared to the more sloping profiles at 30'C (Figure 9). In
particular, the discharge profiles at the lowest currents (10 and 50 pA) exhibit inflection
points near 3 V vs. Li, which could be related to more facile utilization of surface functional
groups at higher temperature. However, the corresponding energy and power capabilities
were comparable to or lower than those obtained from testing at 30*C (Figure 26b). This
finding would appear to be inconsistent with other reports of improved electrochemical
capacitor performance with increasing temperatures owing to a decrease in cell impedance
(70) or increased utilization of pseudocapacitance (71). The origin of lower energy and
power delivery at higher temperature in LbL-MWNT electrodes is not yet clear. One
possibility could be enhanced electrolyte degradation and corresponding surface film
formation at higher temperatures, which could increase the impedance of LbL-MWNT
electrodes and limit performance at high power. Further work is needed to study the
evolution of impedance and surface composition of LbL-MWNT electrodes as a result of
testing at high temperatures and high potentials.
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Figure 26. (a) Galvanostatic rate capability testing of a 40 bilayer electrode at 50*C over a
range of currents. (b) Ragone comparison based on galvanostatic data at 30*C and 500 C.
Self-discharge of the same 40 bilayer electrode was measured at 50*C over a range
of potentials and is compared with previous self-discharge data from a different 40 bilayer
electrode at 30*C (Figure 27). The higher temperature had a negligible effect on the self-
discharge behavior. This contrasts with self-discharge behavior in conventional carbon-
based electrochemical capacitors, where higher temperature is known to accelerate the
rate of self-discharge (66). These findings indicate that LbL-MWNT electrodes are
promising for practical applications where high-temperature performance may be critical.
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Figure 27. Self-discharge of 40 bilayer electrodes in lithium cells at 30'C and 50'C. Prior to
self-discharge measurements at open circuit potential, the cell was held at constant voltage
for 3 hours to ensure full charge. 30'C data were obtained from Figure 22.
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3.2. MWNT-TiO2 Films as Lithium Battery Electrodes
The second portion of this thesis reports on the extension of the LbL electrostatic assembly
concept to electrodes incorporating negatively-functionalized carbon nanotubes (MWNT-
COOH) and positively-charged TiO 2 nanoparticles (anatase, 32 nm). Owing to intercalation
properties of TiO2 (- 1.8 V vs. Li) and MWNTs (<1.0 V vs. Li), these electrodes can be used
as negative electrodes in lithium battery applications. Research efforts have focused on the
adaptation and modification of the LbL process to obtain successful film growth.
Preliminary findings including characterization of film microstructure and electrochemical
testing data are presented and discussed.
3.2.1. Film Growth and Characterization
Zeta potential measurements (Figure 28) were used to determine the optimal pH values of
aqueous dispersions of MWNTs and TiO2 for LbL assembly of electrodes. Measurements
were obtained using a Zeta PALS analyzer (Brookhaven Instruments Corp.). Anatase TiO2
nanoparticles (32 nm) exhibit an isoelectric point between pH 4.5 and 5, with positive
surface charge at low pH and negative charge at higher pH. In order to ensure stable film
growth, it is desirable that the LbL positively and negatively charged components exhibit
roughly the same magnitude of surface charge to ensure charge reversal on each layer
deposition with comparable amount of material adsorbed. Therefore, the pH values for the
LbL process (including both active material dispersions and the rinsing baths of DI water)
were chosen to be 2.5, where the zeta potentials were roughly +25 mV and -30 mV for the
TiO 2 and MWNT-COOH, respectively.
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Figure 28. Zeta potential measurement of anatase TiO 2 nanoparticles and negatively-
charged MWNTs as a function of pH. Data for MWNT-COOH are reproduced from Ref. [30].
Profilometry measurements of thin films on glass substrate show that the electrode
thickness increases linearly as a function of number of bilayers (Figure 29), indicating that
film growth is stable under LbL processing conditions. The uncertainty in electrode
thickness was significantly larger as the number of bilayers increased, which reflects a high
roughness and porosity for thicker electrodes. The film roughness was quantified by
Atomic Force Microscopy measurements (Figure 30) which show that the root mean
square film roughness increased from 47.5 nm for 10 bilayers to 52.7 nm for 20 bilayers.
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Figure 29. Profilometry measurements of thickness of MWNT-TiO 2 electrodes as a function
of the number of bilayers.
Scanning Electron Microscopy images show that MWNT-TiO 2 films are porous
(Figure 31, left image) and conformal on the glass substrate (Figure 31, right image). Both
MWNTs and TiO2 nanoparticles are visible in the top-down image, indicating that both
species were successfully incorporated into the electrodes. Interestingly, the surface of the
electrode appears to be almost entirely covered by Ti02, despite the fact that MWNTs are
the last deposition step in the LbL process (Figure 6). The mass loading of TiO 2 compared
to MWNTs is currently unknown owing to difficulty obtaining stable film growth on Quartz
Crystal Microbalance substrates, and will be quantified in future work.
Figure 30. Atomic Force Microscopy measurements of film roughness for 10 and 20 bilayer
electrodes.
Figure 31. Scanning Electron Microscopy images of a top-down view (left) and cross-
section (right) view of LbL-MWNT electrodes on a glass substrate.
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3.2.2. Electrochemical Performance in Lithium Cells
Depending on the potential window during electrochemical testing, MWNT-TI02 electrodes
can utilize several lithium charge storage mechanisms. Figure 32 shows cyclic voltammetry
measurements of two different MWNT-TiO2 electrodes in the voltage windows 1.0 - 3.0 V
vs. Li and 0.01 - 3.0 V vs. Li at a slow scan rate of 0.1 mV/s following the first several cycles
to reach steady state. In the range 1.0 - 3.0 V vs. Li, a pair of redox peaks is observable
centered around -1.9 V vs. Li, and superposed on a background electrochemical
capacitance, as indicated by the large vertical spacing between forward and backward
scans. The redox peaks are attributed to lithium intercalation into anatase Ti0 2 (72, 73).
When the lower voltage limit is lowered to 0.01 V vs. Li, lithium intercalates into MWNTs
below roughly 0.9 V vs. Li (74-76). While a set of clear reduction peaks are observed during
intercalation, no clear peak corresponding to deintercalation occurs upon reversal of the
sweep direction. Therefore, intercalation into MWNTs does not appear to be highly
reversible in MWNT-TiO2 electrodes. However, comparison with cyclic voltammetry of an
all-MWNT electrode assembled on glass and tested in the low voltage regime (Figure 33)
indicates that undecorated MWNTs do exhibit an oxidation peak on the forward scan at a
large overpotential of -1 V vs. Li. Furthermore, the currents greater than 1 V vs. Li
following lithium deintercalation are much higher than in the cell where the lower voltage
limit was 1.0 V vs. Li. These findings indicate not only that lithium deintercalation from
MWNTs could be limited by slow kinetics, but also that the presence of Ti02 nanoparticles
on the MWNT surface appears to suppress the deintercalation peak, leading to a more
distributed current profile at higher voltages.
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Figure 32. Cyclic voltammetry of MWNT-Ti0 2 electrodes in the voltage window 1.0 - 3.0 V
vs. Li (black line) and 0.01 - 3.0 V vs. Li (red line) at a scan rate of 0.1 mV/s.
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Figure 33. Cyclic voltammetry of a 10
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Cyclic voltammetry of 5 and 20 bilayer electrodes as a function of scan rate in the
voltage range 1.0 - 3.0 V vs. Li (TiO2 intercalation regime) are compared in Figure 34. At 1
mV/s, the peak current in the 5 bilayer electrode was -3.5 pA/cm 2, while that of the 20
bilayer electrode was -10 iA/cm 2. The peak current does not scale linearly with number of
bilayers, indicating that transport or kinetics for thicker electrodes may be limited. For
both electrode thicknesses, the current (measured at the redox peak on the forward scan)
was found to increase linearly with the square root of the scan rate, indicating a charge
storage process that is diffusion limited (77). This agrees well with studies that report
lithium intercalation in TiO2 to be controlled by solid-state diffusion in the solid matrix (49,
50). The peak-to-peak splitting was >60 mV for both thickness and all scan rates (Table 2),
indicating that lithium insertion and removal slow kinetically. Furthermore, the peak-to-
peak splitting was higher in the 20 bilayer electrode at all scan rates compared to the 5
bilayer electrode. It is currently unclear whether this is related to inherently slower
kinetics in thicker electrodes or if thicker electrodes are limited by high ohmic impedance,
which is suggested by the largely sloping profile of the 20 bilayer cyclic voltammogram.
Figure 35a shows a comparison of 5, 15 and 20 bilayer cyclic voltammograms at 0.5
mV/s and the corresponding integrated charge (Figure 35b). Between 5 and 15 bilayers,
the integrated charge at 0.1 mV/s increased from 39 to 88 mC, while at 1 mV/s, the
integrated charge increased from 8.4 to 18 mC between 5 and 15 bilayers. However, for all
scan rates, the integrated charge remained constant between 15 and 20 bilayers, indicating
that the additional electrode mass and surface area for 20 bilayer electrodes is not utilized
for charge storage. This could again be related to ohmic limitations due to poor contact
between nanoparticles and MWNTs or to unoptimized cell design. Further work is needed
to study the thickness effect and to improve electrodes for higher-rate performance.
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Figure 34. Cyclic voltammetry as a function of scan rate for (a) 5 bilayer and (c) 20 bilayer
electrodes. The peak currents at redox potential were found to increase linearly with the
square root of the scan rate, indicating a diffusion-controlled process (b and d).
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Table 2. Peak-to-peak splitting
measurements of 5 and 20 bilayer
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Figure 35. (a) Cyclic voltammetry as a function of number of bilayers (electrode thickness)
for 5, 15, and 20 bilayer electrodes. The scan rate was 0.5 mV/s over the voltage range 1 - 3
V vs. Li. (b) Integrated charge from cyclic voltammetry in (a) as a function of electrode
volume.
The current obtainable in cyclic voltammetry decreases over the first ten initial
cycles from OCV, as shown in Figure 36. The integrated charge on the forward scan, as
obtained by integration of Figure 36, decreased from 13.5 mC (1st cycle) to 5.8 mC (6th
a)
"E
- m
0.5 mV/s
-1 mV/s
bilayers 15 bilayers 20 bilayers-
b -- U
5 bilayers 0.26 0.38 0.52
-
cycle), a capacity loss of 57%. After 6 cycles, the current appeared to reach steady-state,
with negligible loss between 6 and 10 cycles. The origin of this capacity fade has not yet
been identified, but it is hypothesized that it could be related to poor anchoring of TiO2
nanoparticles on the MWNT surface. As nanoparticles are only attached electrostatically
and assembled at low pH, the chemical environment for active material is different in
electrochemical cells with organic electrolyte, and it is possible that TiO 2 nanoparticles
could detach from the MWNT surface and result in a loss of active mass. Future work will
involve direct modification of the TiO 2 surface through functionalization with silane
functional groups in an effort to introduce chemical groups that can form amide bonds as in
LbL-MWNT electrodes (43) following heat treatment.
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Figure 36. Cycling of a 10 bilayer MWNT-TiO2 electrode at 0.1 mV/s over the voltage range
1 - 3 V vs. Li.
4. Conclusions and Future Work
This thesis focused on characterizing the electrochemical performance of LbL-MWNT
electrodes in organic asymmetric lithium cells and in symmetric capacitor cells, with a
particular emphasis on gaining fundamental understanding of the role of oxygen-
containing surface functional groups in lithium charge storage. Cyclic voltammetry and
galvanostatic testing data indicate that LbL-MWNT electrodes can deliver exceptionally
high energy densities (-200 Wh/kg) at very high power densities (-100 kW/kg) and that
the energy and power characteristics are maintained with increasing electrode thicknesses
up to 3 im. An additional heat treatment step at 5000 C in a H2-Ar gas mixture resulted in a
decrease in the quantity of oxygen-containing functional groups (as determined from XPS
measurements) and a corresponding decrease in the gravimetric current and discharge
capacity when tested in lithium cells. This finding reveals that functional groups contribute
significantly to the capacity and capacitance of LbL-MWNT electrodes.
The ability of LbL-MWNT to utilize redox reactions with functional groups at
potentials of -3 V vs. Li requires a lithium source negative electrode in order to ensure that
charge neutrality requirements are satisfied in the electrolyte. In this study, we
demonstrated that the high capacity and energy of LbL-MWNT electrodes can be accessed
when using either a lithium metal or with a lithium titanium oxide (LTO) negative
electrode. LTO/LbL-MWNT electrodes exhibited lower gravimetric energy compared to
lithium cells at comparable power (140 Wh/kg in LTO cells compared to 450 Wh/kg at 5
kW/kg in lithium cells), owing to a higher negative electrode potential (1.5 V vs. Li) and
corresponding lower cell voltage. Cycling of LTO/LbL-MWNT cells to 1000 cycles revealed
a faster degradation in available capacity compared to lithium cells, and future work will
investigate the origin of this capacity fade through electrochemical impedance and
quantitative analysis of electrode surface chemistry in order to identify possible evolution
of surface films on either electrode as a result of cycling.
Symmetric LbL-MWNT/LbL-MWNT cells were constructed in order to study
electrode performance in the absence of a lithium source negative electrode, where only
double layer charging by electrolyte ions is allowed. Symmetric cells exhibited low
gravimetric capacities (<40 mAh/g) and capacitance (40 F/g at 25 mV/s) compared to
asymmetric cells, and the corresponding energy and power densities were significantly
lower (30 Wh/kg at 5 kW/kg) than in asymmetric LTO cells over the same voltage range
(140 Wh/kg at 5 kW/kg). Symmetric cell studies reveal that the contribution of double-
layer charging of the MWNT surface is relatively low (between 10-30%) compared to the
charge capacity accessible in asymmetric lithium cells.
Studies of LbL-MWNT electrodes in lithium cells with several different electrolytes
(LiBF 4, LiClO 4 or TEABF 4) show that electrode performance is largely independent of
electrolyte anion or solvent, which provides further evidence regarding the role of lithium
ion redox with surface functional groups. Furthermore, the high energy and power
obtainable from the TEABF 4 cell suggests that surface functional groups may also be able to
undergo reversible Faradaic reactions with TEA+ at potentials near that of the Li+ redox
potential (- 3 V vs. Li). Future work will investigate the redox of TEA+ with oxygen
functional groups and characterize the associated charge storage kinetics that determine
power performance in lithium cells. It will be of great interest to study the electroactivity of
oxygen surface functional groups with various additional cation species such as Na+ in
organic electrolyte or H+ or Na+ in aqueous electrolyte.
The potential for utilizing LbL-MWNT electrodes in practical devices was
investigated in terms of self-discharge and temperature performance. The self-discharge of
LbL-MWNT electrodes occurs over timescales that are comparable to or longer than those
in conventional electrochemical capacitors. The mechanisms of self-discharge were
analyzed according to proposed models in order to identify the fundamental processes
governing transient voltage characteristics at open circuit. At potentials higher than resting
open circuit potential (-3 V vs. Li), the voltage decayed linearly with log time after a critical
timescale that depended on the initial potential, suggesting that two different mechanisms
may govern self-discharge at short and long timescales. Transient voltage effects at short
timescale are likely related to the porous nature of LbL-MWNT electrodes, whereas self-
discharge at longer timescales appears to be Faradaically determined. Interestingly, a
voltage recovery phenomenon was observed when cells were discharged below resting
open circuit potential, and is believed to be related to the relative kinetics of available
charge storage mechanisms on discharge, namely double layer charging and redox of
lithium with oxygen functional groups. Future work will focus on clarifying the mechanism
responsible for voltage recovery and gaining fundamental understanding of the
thermodynamics governing voltage transients in LbL-MWNT cells. Finally, studies at an
elevated temperature of 50"C shows that LbL-MWNT cells can deliver comparable
capacities and energy densities at higher temperature, and are therefore suitable for
practical applications where such temperature tolerance is required.
This work also showed that the layer-by-layer process can be modified to
incorporate charged nanoparticles with functionalized MWNTs for battery negative
electrodes. The intrinsic positive charge exhibited by anatase TiO 2 nanoparticles (32 nm) in
acid was used to facilitate electrostatic self-assembly with negatively-charged MWNTs,
analogous to the process used for all-MWNT electrodes. Preliminary results show that
TiO 2-MWNT electrodes show promising electrode growth characteristics, with a linear film
growth leading to conformal and highly rough electrodes that incorporate both
electroactive species. Cyclic voltammetry shows that both TiO2 and MWNT species can be
utilized for lithium intercalation at voltages of about -1.8 and below -1 V vs. Li,
respectively. However, the utilization of active volume decreased as electrode thickness
increased, suggesting that electrodes may be densifying with subsequent layer depositions,
leading to a loss of active surface area. Future work will focus on fine-tuning the layer-by-
layer process to yield improved control over electrode properties, in particular through
direct functionalization of Ti0 2 particles in order to strengthen the electronic and chemical
interaction between active materials. With direct functionalization, it may be possible to
anchor TiO2 particles on the MWNT surface by inducing chemical cross-linking through
heat treatments, which could lead to better electrochemical performance and help to
address the known electrode stability issues.
Overall, these results represent an exciting opportunity in the development of
lithium storage electrodes, where the engineering of the surfaces of active materials can
enable fine-tuning of electrode interfacial and structural properties. The anchoring of
electroactive oxygen functional groups on high-surface area capacitive and electronically
conductive materials could represent a new strategy for increasing the energy of
conventionally high-rate materials, and for increasing the rate of energy delivery by
incorporating highly conductive and chemically stable materials that can act as fast
electron conductors. Critically, the utilization of electrostatic interaction between
oppositely-charge components to create self-assembled electrodes obviates the need to
incorporate insulating binder into electrodes, and presents an opportunity to increase the
utilization of the active material surface.
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